Glucose biosensor is generally based on the reaction between glucose and glucose oxidase, which produces gluconic acid and hydrogen peroxide. The gluconic acid is a conductive material, while hydrogen peroxide has polar molecules. This article examines the changes of dielectric properties due to the conductive loss below 2 GHz and dipole orientation of above that frequency of this reaction. The difference between the dielectric loss of glucose solution and the dielectric loss of glucose-enzyme reaction can be related to the glucose concentration in the samples, such as orange juice, black grape juice, sugarcane juice, and sapodilla juice. A good sensitivity to these differences due to the effect of ionic conductivity and dipole orientation was found at 1 and 16.44 GHz, respectively. The minimum detection limit of glucose concentration in the proposed technique was about 0.01 M (0.20 g/100 ml) with an optimum reaction ratio of about 1:1 between the enzyme solution and the glucose solution. This technique could benefit the future development of microwave biosensor by which both ionic conductivity and dipole effects can be considered simultaneously.
INTRODUCTION
Glucose is one of the major ingredients of many foodstuffs and sweet drinks. Due to the fundamental role of glucose in biological and physiological processes, much effort has been devoted to the development of methods for detecting glucose in food and beverages. Sensitive detection of glucose concentration in liquid media may become a useful tool for studying the electrical and biological properties of samples. [1] Most of the glucose biosensor sensing is based on amperometric electrode, [1−4] potentiometric, [5] and optical [6, 7] methods. The amperometric enzyme electrode technique, which is based on the binding of glucose oxidase with electrode transducers, is among the widely accepted glucose biosensor systems with a large commercial market. [1] Recently, the microwave techniques have been reported to be capable of detecting glucose based on a change of relative permittivity of the glucose solution from measured reflection coefficient, S11. [8, 9] None of the previous microwave methods was based on the reaction of glucose with the enzyme. In the growing field of biosensors, we present an original enzyme-based method on surface wave transmission line in microwave range frequency. The aim of this enzyme-based method is to investigate the conductive and dipole effects of enzyme reaction with the glucose solution through the microwave dielectric spectrum in liquid media.
In this glucose enzyme-based detection system, glucose oxidase (GOx) (β-D-glucose:oxygen 1-oxidoreductase, EC1.1.3.4) is an enzyme that catalyses the oxidation of β-D-glucose to D-glucono-1,5-lactone (gluconic acid) and hydrogen peroxide, using molecular oxygen as the electron acceptor in accordance with the reaction (Eq. 1):
Gluconic acid is a conductive material, [10] while hydrogen peroxide is dipolar molecules. [11] Therefore, with these molecular properties of products, there is a possibility of simultaneous observation of the conductive and dipole effects of this reaction through the microwave dielectric spectrum. As we know, the dielectric loss due to the conduction effect can be observed below 2 GHz when ionic conductivity of gluconic acid dominates, while the dipole effect is above 2 GHz, preferably between 10 to 17 GHz, when dipole orientation of water and hydrogen peroxide molecules dominate. In this study, our attention was drawn to study the mixture of glucose-enzyme reactions, and the same would be related to the concentration of glucose in the solution. The highest sensitivity observed in this relationship will be suggested for sensor development, which would depend on the operating frequency and the mixing ratio between glucose solution and enzyme solution.
MATERIALS AND METHODS

Materials
Glucose solutions with different concentrations, ranging from 0.01 up to 3.00 mol, were prepared by diluting glucose monohydrate (molecular weight 198.17 g/mol) with deionized water. Glucose oxidase (GOx), which acts as the enzyme, was diluted in 39.2 ml deionized water as indicated in Sigma's worksheet. Gluconic acid, with a molecular weight of 196.16 g/mol, was prepared by diluting it with deionized water to form 1.00 M solution. Four types of fresh juice are used in this study: sugarcane juice, orange juice, black grape, and Sapodilla (chikko) juice. The composition of sugar for each sample is analyzed using high performance liquid chromatography (HPLC). The composition of sugar analyzed results is presented in Table 1 . A series of dilutions was made for each juice.
Experimental Setup for Dielectric Properties Measurement
Dielectric properties measurement based on a microwave technique of various materials has been studied and was found to be helpful in the food science and agriculture industry. [12−14] In this study, the dielectric properties of prepared glucose solutions with different concentrations (glucose oxidase as enzyme, mixture of glucose-enzyme reaction, and gluconic acid) were measured with an HP Network Analyzer 8270B (HP-Agilent, USA) using the open ended coaxial probe method with operating frequencies ranging from 0.2 to 20 GHz. The network analyzer was controlled by HewlettPackard 85070B dielectric kit software, and calibrated using air, short-circuits, and demonized water at 25
• C. This system measured the input reflection coefficients of the sensors at room temperature (22-25
• C) and specimen permittivity was calculated automatically by the software using an established relationship. [15] In order to find the optimum ratio of reaction, the reaction of enzyme with glucose was also studied in different ratios of GOx with glucose solutions (1:1, 1:3, and 1:5) as well.
RESULT AND DISCUSSION
Dielectric Properties of Glucose Oxidase, Gluconic Acid, and Mixture of Glucose-Glucose Oxidase Figure 1 illustrates the measured complex permittivity in 0.2-20 GHz for glucose solution with 0.5 M concentration and orange juice, which obtained the same glucose concentration as well, before and after reaction with an enzyme at different frequencies. The real part of permittivity, which is known as dielectric constant (ε ) for glucose solution and orange juice, decreased while the frequency increased, as shown in Fig. 1a .
Glucose and GOx interaction significantly affected the dielectric loss. Figure 1b demonstrates that the dielectric loss (ε ) of both samples due to ionic conduction was dominant at frequency below 2.5 GHz and at dipole orientation above 2.5 GHz as the GOx was diluted with water before using in a reaction. The ionic conductivity for the mixture after the reaction was dominant below 1.8 GHz, almost half of the value of dielectric loss of the enzyme. This is due to the presence of gluconic acid after the reaction. A comparison of the dielectric loss of this mixture with the dielectric loss of pure orange juice shows that they are quite close.
Optimum Ratio for Dielectric Changes at 1 and 16.44 GHz
One effective way of assessing the response of dielectric properties with changes in the concentration of glucose is by measuring the difference between dielectric loss of the mixture enzyme-glucose and dielectric loss of the glucose solution before reaction with GOx. This step is suggested to confirm that the difference increases as the concentration of glucose in the sample is increased. Figure 2 shows the variations in difference of the dielectric loss with glucose concentrations ranging from 0.01 to 1.00 M at 0.99 and 16.44 GHz, respectively. Apparently, the mixture with the ratio 1:1 (GOx:glucose) gives better sensitivity as compared to that of mixtures with ratios of 1:3 and 1:5 for both frequency. It is found that dipolar property is more sensitive to changes in glucose concentration rather than conductive property.
Glucose Detection in Fruit Juice Samples
Glucose concentrations of four different fruit juices were determined by both enzyme-based microwave-reflected and reference methods. The reference method with HPLC analysis is a chromatographic technique that can separate a mixture of compounds and is used in biochemistry and analytical chemistry to identify, quantify, and purify the individual components of the mixture. Figure 3 presents the dielectric properties of fruit juice samples measured by using the open ended coaxial probe method with network analyzer. The glucose content result using the reference method and moisture content of each pure fruit juice sample was presented in Table 1 . The moisture content of each sample was obtained using a standard oven method.
While the glucose concentration increased, the proportion of gluconic acid increased, which in turn lowered the conductivity effects. This effect was caused by the low dissociation constant and bulky anion of gluconic acid produced, which affected the conductivity as suggested by Tsai et al. [10] As regards the dipole effect, particularly above 15 GHz, a clear increment of difference in dielectric loss with raising the amount of glucose was noticed; this could be due to the presence of hydrogen peroxide, whose dielectric loss was lower than water, which is present as in glucose aqua solution also.
In general, the higher the concentration, the lower the dielectric losses of glucose solution. These results were reported earlier for glucose solution with different concentrations. [16] Based on the foregoing results, frequencies of 1 and 16.44 GHz are suggested for the effect of ionic conduction and dipole orientation of glucose detection in microwave frequency respectively. Accordingly, we plotted the difference of measured dielectric loss for each sample, before and after reaction with GOx at both frequencies in Fig. 3 . As it can be seen in this figure, fruit juice samples show almost similar trends with glucose solution for both frequencies. In this study, we diluted water to each of the pure juice samples to see the behavior of that sample in different concentrations as well. The decreasing trends of the dielectric loss differences in relation to increasing concentration of each sample are shown at a microwave frequency of 1 GHz, while the fit improved for 16.5 GHz in Figs. 3a and 3b, respectively.
CONCLUSION
Results for glucose and fruit juices give a good idea to develop a new technique for glucose detection of liquid samples in the range of 0.01 to 2.5 M. Although the moisture content present in each of the samples is especially affected in the microwave frequency range in dielectric properties, values are affected negatively on the sensitivity of the detection, but still this new enzyme-based technique in microwave frequencies can lead us to develop a new technique and bio-sensor for glucose detection in fruit juices and liquid samples.
